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The relativistic version of finite-range-regularisation is proposed. The covariant regulator is gen-
erated from the nonlocal Lagrangian. This nonlocal interaction is gauge invariant and is applied to
study the nucleon electromagnetic form factors at momentum transfer up to 2 GeV2. Both octet
and decuplet intermediate states are included in the one loop calculation. Using a dipole regulator
with Λ around 0.85 GeV, the obtained form factors, electromagnetic radii as well as the ratios of
the form factors are all comparable with the experimental data. This successful application of chiral
effective Lagrangian to relatively large momentum transfer make it possible to further investigation
of hadron quantities at high Q2.
I. INTRODUCTION
The study of the properties of hadrons continues to attract significant interest in the process of revealing and
understanding the essential mechanisms of the strong interactions. The investigation of the electromagnetic form
factors of nucleon is very important to help us discover their internal structure. Though QCD is the fundamental
theory to describe strong interactions, it is difficult to study hadron physics using QCD directly. There are many
phenomenological models, such as the cloudy bag model [1], the constituent quark model [2, 3], the 1/Nc expansion
approach [4], the perturbative chiral quark model [5], the extended vector meson dominance model [6], the SU(3)
chiral quark model [7], the quark-diquark model [8, 9], etc.
Besides the phenomenological models, there are also many lattice-QCD calculations for the electromagnetic form
factors [10–16]. Lattice simulation is the most rigorous approach which starts from the first principles. Due to the
computing limit, most quantities are still calculated with large quark (π) mass.
In hadron physics, another important method is chiral perturbation theory (ChPT). Heavy baryon and relativistic
chiral perturbation theory have been widely applied to study the hadron spectrum and structure. Historically, most
formulations of ChPT are based on dimensional or infrared regularisation. Though ChPT is a successful and systematic
approach, for the nucleon electromagnetic form factors, it is only valid for Q2 < 0.1 GeV2 [17]. When vector mesons
are included, the result is close to the experiments with Q2 less than 0.4 GeV2 [18]. Therefore, with traditional ChPT,
it is hard to study the form factors at relatively large Q2, for example, to explain the GE/GM puzzle at large Q
2.
An alternative regularization method, namely finite-range-regularization (FRR) has been proposed. Inspired by
quark models that account for the finite-size of the nucleon as the source of the pion cloud, effective field theory
with FRR has been widely applied to extrapolate the vector meson mass, magnetic moments, magnetic form factors,
strange form factors, charge radii, first moments of GPDs, nucleon spin, etc [19–34]. In the finite-range-regularization,
there is no cut for the energy integral. The regulator is not covariant and is in 3-dimensional momentum space. This
non-relativistic regulator can only be applied with the heavy baryon ChPT. A lot of investigations have been done for
the finite range regularization and we have good knowledge on the non-relativistic regulator which was kept same for
all the above calculations. But we know little about the relativistic regulator and we try to determine the relativistic
regulator from the well-known form factors of nucleon.
In this paper, we will provide a relativistic version of FRR. If we simply replace the non-relativistic regulator with
a covariant one, the local gauge symmetry and charge conservation will be destroyed. As a result, the renormalized
proton (neutron) charge is not 1 (0). Therefore, we generate the covariant regulator from the local gauge invariant
Lagrangian. As a result, the nonlocal Lagrangian will be introduced. Using this nonlocal chiral effective Lagrangian,
we will study the electromagnetic form factors up to Q2 = 2 GeV2. The paper is organized in the following way. In
section II, we briefly introduce the chiral Lagrangian and construct the nonlocal interactions. The matrix elements of
the nucleon electromagnetic current is derived in section III. Numerical results are presented in section IV. Finally,
section V is a summary.
2II. CHIRAL EFFECTIVE LAGRANGIAN
The lowest order chrial Lagrangian for baryons, pseudoscalar mesons and their interaction can be written as [35, 36].
L = i T r B¯γµ /DB −mB Tr B¯B + T¯ abcµ (iγµναDα − mTγµν)T abcν +
f2
4
Tr ∂µΣ∂
µΣ+ +DTr B¯γµγ5 {Aµ, B}
+ F Tr B¯γµγ5 [Aµ, B] +
[C
f
ǫabcT¯ adeµ (g
µν + zγµγν)B
e
c∂νφ
d
b +H.C
]
, (1)
where D, F and C are the coupling constants. The chiral covariant derivative Dµ is defined as DµB = ∂µB + [Vµ, B].
The pseudoscalar meson octet couples to the baryon field through the vector and axial vector combinations as
Vµ =
1
2
(ζ∂µζ
† + ζ†∂µζ) +
1
2
ieA µ(ζ+Qζ + ζQζ+), Aµ =
1
2
(ζ∂µζ
† − ζ†∂µζ)− 1
2
eA µ(ζQζ+ − ζ+Qζ), (2)
where
ζ = eiφ/f , f = 93 MeV. (3)
The matrix of pseudoscalar fields φ is expressed as
φ =
1√
2


1√
2
π0 + 1√
6
η π+ K+
π− − 1√
2
π0 + 1√
6
η K0
K− K¯0 − 2√
6
η

 . (4)
A µ is the photon field. The covariant derivative Dµ in the decuplet part is defined as DνT
abc
µ = ∂νT
abc
µ +(Γν , Tµ)
abc,
where Γν is the chrial connection[37] defined as (X,Tµ) = (X)
a
dT
dbc
µ + (X)
b
dT
adc
µ + (X)
c
dT
abd
µ . γ
µνα,γµν are the
antisymmetric matrices expressed as
γµν =
1
2
[γµ, γν ] and γµνρ =
1
4
{[γµ, γν ] , γρ} (5)
In the chiral SU(3) limit, the octet and decuplet baryons will have the same mass mB and mT . In our calculation,
we use the physical masses for baryon octets and decuplets. The explicit form of the baryon octet is written as
B =


1√
2
Σ0 + 1√
6
Λ Σ+ p
Σ− − 1√
2
Σ0 + 1√
6
Λ n
Ξ− Ξ0 − 2√
6
Λ

 . (6)
For the baryon decuplets, there are three indices, defined as
T111 = ∆
++, T112 =
1√
3
∆+, T122 =
1√
3
∆0, (7)
T222 = ∆
−, T113 =
1√
3
Σ∗,+, T123 =
1√
6
Σ∗,0,
T223 =
1√
3
Σ∗,−, T133 =
1√
3
Ξ∗,0, T233 =
1√
3
Ξ∗,−, T333 = Ω−.
The octet, decuplet and octet-decuplet transition magnetic moment operators are needed in the one loop calculation
of nucleon electromagnetic form factors. The baryon octet anomalous magnetic Lagrangian is written as
L = e
4mN
(
c1TrB¯σ
µν
{
F+µν , B
}
+ c2TrB¯σ
µν
[
F+µν , B
])
, (8)
where
F+µν = −
1
2
(
ζ†FµνQζ + ζFµνQζ†
)
. (9)
3The transition magnetic operator is
L = i e
4mN
µTFµν(ǫijkQ
i
jB¯
j
mγ
µγ5T
ν,klm + ǫijkQliT¯
µ
klmγ
νγ5B
m
j ), (10)
where the matrix Q is defined as Q =diag{2/3,−1/3,−1/3}. At the lowest order, the Lagrangian will generate the
following nucleon anomalous magnetic moments:
F p2 =
1
3
c1 + c2, F
n
2 = −
2
3
c1. (11)
In quark model, the nucleon magnetic moments can be written in terms of quark magnetic moments. For example,
µp =
4
3µu − 13µd, µn = 43µd − 13µu. Using µu = −2µd = 2µs, we can get the following relationships
c1 =
3
2
(c2 + 1), c1 =
3
2
µu, µT = 4c1 (12)
The effective decuplet anomalous magnetic moment operator can be expressed as effective Lagrangian
L = − ieF
T
2
2mT
T¯ abcµ σ
ρσqσAρT
abc
µ . (13)
For each decuplet baryon, its moment FT2 can be written in terms of c1. For example, for ∆
++, the magnetic moment
µ∆++ = 3µu = 2c1. Therefore, F
∆++
2 = 2c1 − 2. In our numerical calculations, the above anomalous magnetic
moments of baryons at tree level which only depend on the parameter c1 are used.
Now we construct the nonlocal Lagrangian which will generate the covariant regulator. The gauge invariant non-
local Lagrangian can be obtained using the method in [38–40]. For instance, the local interaction including π meson
can be written as
Lpilocal =
∫
dx
D + F√
2f
p¯(x)γµγ5 n(x)(∂µ + ieAµ(x))π
+(x). (14)
The nonlocal Lagrangian for this interaction is expressed as
Lpinl =
∫
dx
∫
dy
D + F√
2f
p¯(x)γµγ5n(x)F (x − y)exp[ie
∫ y
x
dzν
∫
daA ν(z − a)F (a)]
× (∂µ + ie
∫
daAµ(y − a)F (a)
)
π+(y), (15)
where F (x) is the correlation function. To guarantee the gauge invarice, the gauge link is introduced in the above
Lagrangian. The regulator can be generated automatically with correlation function. With the same idea, the nonlocal
electromagnetic interaction can also be obtained. For example, the local interaction between proton and photon is
written as
LlocalEM =− ep¯(x)γµp(x)Aµ(x) +
(c1 − 1)e
4mN
p¯(x)σµνp(x)Fµν (x). (16)
The corresponding nonlocal Lagrangian is expressed as
LnlEM = −e
∫
dap¯(x)γµp(x)Aµ(x− a)F1(a) + (c1 − 1)e
4mN
∫
dap¯(x)σµνp(x)Fµν (x− a)F2(a), (17)
where F1(a) and F2(a) is the correlation function for the nonlocal electric and magnetic interactions. The form factors
at tree level which are momentum dependent can be easily obtained with the Fourier transformation. The simplest
choice is to assume that the correlation function of the nucleon electromagnetic vertex is the same as that of the
nucleon-pion vertex, i.e. F1(a) = F2(a) = F (a). Therefore, the Dirac and Pauli form factors will have the same
dependence on the momentum transfer at tree level. As a result, the obtained charge form factor of proton decreases
very quickly with increasing Q2 and it will become negative after some Q2. The better choice is to assume that the
charge and magnetic form factors at tree level have the same the momentum dependence as nucleon-pion vertex,
i.e. GtreeM (p) = c1G
tree
E (p) = c1F˜ (p), where F˜ (p) is the Fourier transformation of the correlation function F (a). The
4corresponding function of F˜1(q) and F˜2(q) is then expressed as
F˜ p1 (q) = F˜ (q)
4m2N + c1Q
2
4m2N +Q
2
, F˜ p2 (q) = F˜ (q)
4m2N
4m2N +Q
2
, (18)
From the above equations, one can see that in the heavy baryon limit, these two choices are equivalent. The nonlocal
Lagrangian is invariant under the following gauge transformation
π+(y)→ eiα(y)π+(y), p(x)→ eiα(x)p(x), Aµ(x)→ Aµ(x) − 1
e
∂µα
′(x), (19)
where α(x) =
∫
daα′(x − a)F (a). From Eq. (15), two kinds of couplings between hadrons and one photon can be
obtained. One is the normal interaction expressed as
Lnor = ie
∫
dx
∫
dy
D + F√
2f
p¯(x)γµγ5n(x)F (x − y)π+(y)
∫
daAµ(y − a)F (a), (20)
This interaction is similar as the traditional local Lagrangian except the correlation function. The other one is the
additional interaction obtained by the expansion of the gauge link, expressed as
Ladd = ie
∫
dx
∫
dy
D + F√
2f
p¯(x)γµγ5n(x)F (x − y)
∫ y
x
dzν
∫
daA ν(z − a)F (a)∂µπ+(y) (21)
The additional interaction is important to get the renormalized proton (neutron) charge 1 (0). The Feynman rules
for the nonlocal Lagrangian are listed in the Appendix.
III. ELECTROMAGNETIC FORM FACTORS
The Dirac and Pauli form factors are defined as
< N(p′)|Jµ|N(p) >= u¯(p′)
{
γµFN1 (Q
2) +
iσµνqν
2mN
FN2 (Q
2)
}
u(p), (22)
where q = p′ − p and Q2 = −q2. FN1 (Q2) and FN2 (Q2) are the Dirac and Pauli form factors. The combination of the
above form factors can generate the electric and magnetic form factors as
GNE (Q
2) = FN1 (Q
2)− Q
2
4m2N
FN2 (Q
2) GNM (Q
2) = FN1 (Q
2) + FN2 (Q
2) (23)
Charge and magnetic radii are defined by
< (rpE)
2 >=
−6
GpE(0)
dGpE(Q
2)
dQ2
|Q2=0, < (rpM )2 >=
−6
GpM (0)
dGpM (Q
2)
dQ2
|Q2=0, (24)
< (rnE)
2 >= −6dG
n
E(Q
2)
dQ2
|Q2=0, < (rnM )2 >=
−6
GnM (0)
dGnM (Q
2)
dQ2
|Q2=0. (25)
According to the Lagrangian, the one loop Feynman diagrams which contribute to the nucleon electromagnetic form
factors are plotted in Fig. 1.
In this section, we will only show the expressions for the intermediate octet baryon part. For the intermediate
decuplet baryon part, the expressions are written in the Appendix. In diagram Fig. 1a, the photon couples to the
meson. The contribution of Fig. 1a to the matrix element in Eq. (22) is expressed as
Γµ(p)a = −(D + F )2INapi −
(3F +D)2
6
IΛaK −
(D − F )2
2
IΣaK , (26)
Γµ(n)a = (D + F )
2INapi − (D − F )2IΣaK , (27)
where INapi, I
Λ
aK and I
Σ
aK are the integrals for the Nπ, ΛK and ΣK intermediate states, respectively. I
N
api is expressed
5e
g
c
ba
d
f
h
j
n
m
po
i
l
k
FIG. 1: One-loop Feynman diagrams for the nucleon electromagnetic form factors. The solid, double-solid, dashed and wave
lines are for the octet baryons, decuplet baryons, pseudoscalar mesons and photons, respectively. The rectangle and blackdot
respresent magentic and additional interacting vertex.
as
INapi = u¯(p
′)
∫
d4k
(2π)4
(/k + /q)γ5√
2f
F˜ (q + k)
1
Dpi(k + q)
(2k + q)µ
1
Dpi(k)
1
/p− /k −mN
−/kγ5√
2f
F˜ (k)u(p). (28)
Dpi(k) is given by
Dpi(k) = k
2 −M2k + iǫ. (29)
The expressions for IΛaK and I
Σ
aK are the same except the intermediate meson and baryon masses are changed to be
those of K meson and hyperons. For simplisity, we will only show the expression for the π meson case.
In Fig.1b, the photon couples to the intermediate baryon with electric vertex. The contribution of this diagram
with octet intermediate baryons is expressed as
Γ
µ(p)
b =
1
2
(D + F )2
12m2p − c1Q2
12m2p + 3Q
2
INNbpi +
(3F −D)2
6
4m2p + c1Q
2
4m2p +Q
2
INNbη + (D − F )2
24m2Σ + 7c1Q
2
24m2Σ + 6Q
2
INΣbK
− (3F +D)
2
18
c1Q
2
4m2Λ +Q
2
INΛbK −
(3F +D)(D − F )
3
c1Q
2
4m2Σ +Q
2
INΛΣbK , (30)
Γ
µ(n)
b = (D + F )
2
12m2p + 2c1Q
2
12m2p + 3Q
2
INNbpi −
(3F −D)2
9
c1Q
2
4m2p +Q
2
INNbη −
(3F +D)2
18
c1Q
2
4m2Λ +Q
2
INΛbK
− (D − F )2 c1Q
2 + 24m2Σ
24m2Σ + 6Q
2
INΣbK +
(3F +D)(D − F )
3
c1Q
2
4m2Σ +Q
2
INΛΣbK , (31)
where the integral INNbpi is written as
INNbpi = F˜ (q)u¯(p
′)
∫
d4k
(2π)4
/kγ5√
2f
F˜ (k)
1
Dpi(k)
1
/p′ − /k −mN (−γµ)
1
/p− /k −mN
−/kγ5√
2f
F˜ (k)u(p). (32)
6Fig.1c is for the magnetic baryon-photon interaction. The contribituon of this diagram is expressed as
Γµ(p)c = −
(4c1 + 12)m
2
p
12m2p + 3Q
2
(D + F )2INNcpi +
(4c1 − 4)m2p
12m2p + 3Q
2
(3F −D)2INNcη −
4c1m
2
Λ
36m2Λ + 9Q
2
(3F +D)2INΛcK
+
(28c1 − 24)m2Σ
12m2Σ + 3Q
2
(D − F )2INΣcK −
8c1(D − F )(3F +D)m2Σ
12m2Σ + 3Q
2
INΛΣcK , (33)
Γµ(n)c =
(16c1 − 24)m2p
12m2p + 3Q
2
(D + F )2INNcpi −
8c1m
2
N
36m2N + 9Q
2
(3F −D)2INNcη −
4c1m
2
Λ
36m2Λ + 9Q
2
(3F +D)2INΛcK
− (4c1 − 24)m
2
Σ
12m2Σ + 3Q
2
(D − F )2INΣcK +
8c1(D − F )(3F +D)m2Σ
12m2Σ + 3Q
2
INΛΣcK , (34)
where
INNcpi = F˜ (q)u¯(p
′)
∫
d4k
(2π)4
/kγ5
2f
F˜ (k)
1
/p′ − /k −mN
σµνqν
2mN
1
/p− /k −mN
i
Dpi(k)
/kγ5
2f
F˜ (k)u(p). (35)
(36)
The contribution from Fig. 1d+1e is written as
Γ
µ(p)
d+e = −(D + F )2INN(d+e)pi −
(3F +D)2
6
INΛ(d+e)K −
(D − F )2
2
INΣ(d+e)K , (37)
Γ
µ(n)
d+e = (D + F )
2INN(d+e)pi − (D − F )2INΣ(d+e)K , (38)
where
INN(d+e)pi = F˜ (q)u¯(p
′)
∫
d4k
(2π)4
/kγ5√
2f
F˜ (k)
1
/p′ − /k −m
1
Dpi(k)
−1√
2f
γµγ5F˜ (q − k)u(p)
+ F˜ (q) u¯(p′)
∫
d4k
(2π)4
1√
2f
γµγ5F˜ (q + k)
1
/p− /k −m
1
Dpi(k)
−/kγ5√
2f
F˜ (k)u(p). (39)
These two diagrams only have contribution in the relativistic cases. In the heavy baryon limit, they have no contri-
bution to either electric or magnetic form factors.
Fig. 1f and 1g are the additional diagrams which generated from the expansion of the gauge link terms. They are
important to get the renormalized charge to proton (neutron) to be 1 (0). The contribution of these two additional
diagrams with intermediate octet baryons is expressed as
Γ
µ(p)
f+g = −(D + F )2INN(f+g)pi −
(3F +D)2
6
INΛ(f+g)K −
(D − F )2
2
INΣ(f+g)K , (40)
Γ
µ(n)
f+g = (D + F )
2INN(f+g)pi − (D − F )2INΣ(f+g)K , (41)
where
INN(f+g)pi = F˜ (q) u¯(p
′)
∫
d4k
(2π)4
/kγ5√
2f
F˜ (k)
1
/p′ − /k −m
1
Dpi(k)
1√
2f
(−/kγ5) (−2k + q)
µ
−2kq + q2 [F˜ (k − q)− F˜ (k)]u(p)
+ F˜ (q) u¯(p′)
∫
d4k
(2π)4
1√
2f
/kγ5
(2k + q)µ
2kq + q2
[F˜ (k + q)− F˜ (k)] 1
/p− /k −m
1
Dpi(k)
/kγ5√
2f
F˜ (k)u(p). (42)
Using FeynCalc to simplify the γ matrix algebra, we can get the separate expressions for the Dirac and Pauli form
factors. Numerical results will be discussed in the next section.
IV. NUMERICAL RESULTS
In the numerical calculations, the parameters are chosen as D = 0.76 and F = 0.50 (gA = D + F = 1.26). The
coupling constant C is chosen to be 1 which is the same as in Ref. [41]. The off-shell parameter z is chosen to be
z = −1 [42]. The low energy constant c1 is fitted by the experimental moment of Fn2 (0) = −1.91. The covariant
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FIG. 2: The proton magnetic form factor versus momentum transfer Q2 with Λ = 0.85 GeV. The solid line is for the empirical
result. The dotted, dot-dashed and dashed lines are for the tree, loop and total contribution, respectively.
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FIG. 3: Same as Fig. 2 but for the proton electric form factor.
regulator is chosen to be of a dipole form
F˜ (k) =
1
(1 − k2/Λ2)2 , (43)
where Lambda is the only free parameter. By varying the value of Λ, we found when Λ is arond 0.85 GeV, the results
are very close to the experimental nucleon form factors.
The calculated proton magnetic form factor GpM (Q
2) versus Q2 is plotted in Fig. 2. The solid line is for the empirical
result with GpM (Q
2) = 2.79/(1+Q2/0.71 GeV2)2. The dotted, dot-dashed and dashed lines are for the tree, loop and
total contribution, respectively. As we explained previously, on the one hand, the nonlocal Lagrangian generates the
covariant regulator which makes the loop integral convergent. On the other hand, it also generates the Q2 dependent
contribution at tree level. Compared with the conventional ChPT, the tree level contribution is not expanded in
powers of momentum transfer. As a result, both the tree and loop contribution decrease smoothly with the increasing
Q2 and the total obtained form factor is close to the experimantal value up to Q2 = 2 GeV2. For Q2 = 0, the
contribution to µp at tree level is 2.11 and the loop contribution to µp is 0.67. The total µp is 2.78. This proton
magnetic moment is calculated with fixed c1 which is determined by the neutron magnetic moment (µ
n = −1.91).
The proton magnetic radii is 0.848 fm in our calculation, which is obviously close to the experimental value.
The proton charge form factor versus Q2 is shown in Fig 3. The solid, dashed, dotted and dot-dashed lines have
the same meaning as Fig. 2 except for the charge form factor. From the figure, one can see both the tree and loop
contribution are important to get the correct Q2 dependence of the form factors. At Q2 = 0, the sum of the tree and
loop contribution to proton charge is 1. The additional diagrams generated from the expansion of the gauge link is
crucial to get the renormalized proton charge 1. Compared with the magnetic form factor, the charge form factor
decreases faster. As a result, the obtained charge radii 0.857 fm is a little larger than the magnetic radii
The neutron magnetic form factor versus Q2 is shown in Fig. 4. Similar as the proton case, the solid line is for
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FIG. 4: The magnetic form factor of neutron versus momentum transfer Q2 with Λ = 0.85 GeV. The solid line is for the
empirical result. The dotted, dot-dashed and dashed lines are for the tree, loop and total contribution, respectively.
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FIG. 5: The electric form factor of neutron versus momentum transfer Q2 with Λ = 0.85 GeV. The experimental date is from
[43].
the empirical result. The dotted, dot-dashed and dashed lines represent the tree, loop and total contribution to the
neutron form factor, respectively. Again, compared with the empirical data, our calculated result is very good up
to Q2 = 2 GeV2. The calculated magnetic radii of neutron is 0.867 fm. From Fig. 2 to Fig. 4, we can see the loop
diagrams contribute about 25%−30% to proton electromagnetic form factors and neutron magnetic form factor, while
70%− 75% of the form factors is from the tree level contribution.
The neutron charge form factor is plotted in Fig 5. Since the charge of neutron is 0, all the contribution to the
neutron charge form factor is from the loop. It first increases and then decreases with the increasing momentum
transfer. The neutron charge radii < (rnM )
2 >= −0, 077 fm2, which is smaller than experimental value −0.11 fm2.
Though the calculated charge form factor of neutron is smaller than experimental values, overall the result is still
reasonable.
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FIG. 6: Radio of proton electric to normalized magnetic form factor versus momentum transfer Q2. Experimental result is
from [44]
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FIG. 7: Radio of neutron electric to normalized magnetic form factor versus momentum transfer Q2. Experimental result is
from [45]
In the traditional ChPT, in addition to the two parameters c1 and c2 which were determined by the proton and
neutron magnetic moments, there are four other parameters fitted by the electric and magnetic radii of proton and
neutron. Here besides the parameter c1 fitted by the exprimental neutron magnetic moment, we have only one free
parameter Λ in the regulator. The proton magnetic moment and the nucleon radii are calculated instead of fitted.
With fewer parameters, the obtained electromagnetic form factors of proton and neutron are all much better than
those in the traditional ChPT. This makes it possible to study the form factors precisely at relatively large Q2.
With the precisely determined form factors, we now show the ratios of the electric to normalized magnetic form
factor. The ratio for proton is plotted in Fig 6. If without loop contribution, the ratio will remain to be 1 for all Q2.
With loop contribution,
µpG
p
E
Gp
M
automatically deceases with the increasing Q2. Our calculated result is comparable
with the experimental data, though at large Q2, the experimental data drop more quickly.
The ratio for neutron is plotted in Fig 7. From the figure, one can see the radio
µnG
n
E
Gn
M
increases with the increasing
Q2 as the experimental data. This is purely due to the loop contribution. The experimental ratio of
µnG
n
E
Gn
M
increases
more quickly than our result. It is mainly because our calculated GnE is smaller than the experimental data.
V. SUMMARY
We proposed a relativistic version for the finite-range-regularization which makes it possible to study the hadron
properties with relativistic chiral effective Lagrangian at large Q2. The finite-range-regularization has been widely
applied to investigate the nucleon mass, form factors, electromagnetic radii, generalized parton distributions, proton
spin, etc. We have good knowledge on the 3-dimensional regulator which was kept the same for all the calculations.
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TABLE I: The parameters and calculated magnetic moments and electromagnetic radii of nucleon
Λ (GeV) Z c1 µp µn rMp (fm) rEp (fm) rMn (fm) r
2
En (fm
2)
0.8 0.71 3.090 2.78 −1.91 0.893 0.903 0.912 -0.076
0.85 0.69 3.085 2.78 −1.91 0.848 0.857 0.867 -0.077
0.9 0.66 3.077 2.78 −1.91 0.808 0.816 0.829 -0.082
Exp. - - 2.79 −1.91 0.836 0.847 0.889 -0.113
n(p) p(p’’)
+(1) A (q)
n(p) p(p’)
+ A (q) +
p(p’)n(p)
A (k)
+ +
p(p)
−
0
A (q)
0p(p) p(p)
− −
0
A (q)
p(p) p(p’’)
A (k)
A (q)
+ + p(p’’)p(p)
A (k) A (k)
+ + p(p’’)+
A (k)
(2) (3) (4)
(5) (6) (7) (8)
(9) (10) (11) (12)
FIG. 8: The interacting vertex in the calculation of nucleon form factors. Only the pi case is shown as an example. The
rectangle and black dot represent the magnetic and additional interacting vertex.
However, we have little knowledge on the covariant 4-dimensional regulator. Therefore, we start from the well-
determined nucleon form factors and it was found that using the dipole regulator with Λ around 0.85 GeV the nucleon
form factors can be described very well up to Q2 = 2 GeV2. The covariant regulator is generated from the nonlocal
gauge invariant Lagrangian. As a result, the renomalized charge of proton (neutron) is 1 (0) with the additional
diagrams obtained by the expansion of the gauge link. The nonlocal interaction generates both the regulator which
makes the loop integral convergent and the Q2 dependence of form factors at tree level. In this approach, we have only
two parameters c1 and Λ instead of six parameters in the traditional ChPT. With fewer parameters, our calculated
form factors are much better. The ratios of the electric to normalized magnetic form factor are also comparable with
the experimental data. From our calculation, the GEN/G
M
N puzzle can be naturely understood. This is the first time to
calculate the form factors precisely at relatively large Q2 with chiral effective Lagrangian. The successful application
of chiral effective Lagrangian to large momentum transfer will be very helpful for us to investigate hadron quantities
at high Q2. As a summary, we list the parameters and obtained magnetic moments and electromagnetic radii in Table
I.
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Appendix
The Feynman rules for the nonlocal vertexes are written as
(1) :
/kγ5√
2f
(D + F )F˜ (k)
(2) : − e√
2f
(D + F )γµγ5F˜ (k + q)F˜ (q)
(3) : − e√
2f
/kγ5
(2k + q)µ
2kq + q2
[F˜ (k + q)− F˜ (k)]F˜ (q)
(4) : −ie(p+ p′′)µF˜ (q)
(5) : − C√
6f
(
kµ + zγµ/k
)
F˜ (k)
(6) : − eC√
6f
(gνµ + zγµγν)F˜ (k + q)F˜ (q)
(7) : − eC√
6f
(
kµ + zγµ/k
) (2k + q)µ
2kq + q2
[F˜ (k + q)− F˜ (k)]F˜ (q)
(8) : −ieγµ 4m
2
N + c1Q
2
4m2N +Q
2
F˜ (q)
(9) : −ieγανµ 4m
2
∆ + c1Q
2
4m2∆ +Q
2
F˜ (q)
(10) :
4e(c1 − 1)m2N
4m2N +Q
2
σµνqν
2mN
F˜ (q)
(11) : −4e (c1 − 1)m
2
∆
4m2∆ +Q
2
σµλqλ
2m∆
F˜ (q)
(12) : e
√
3
3mN
c1Fµνγ
µγ5F˜ (q)
The expressions for the decuplet part are written in the following way. The contribution of Fig. 1h is expressed as
Γ
µ(p)
h =
2C2
3
IN∆hpi −
C2
6
INΣ
∗
hK , (44)
Γ
µ(n)
h = −
2C2
3
IN∆hpi −
C2
3
INΣ
∗
hK , (45)
where
IN∆hpi = u¯(p
′)
∫
d4k
(2π)4
1
2f2
(
(k + q)σ + z(/k + /q)γσ)
)
F (q + k)
1
Dpi(k + q)
× e(2k + q)µ 1
Dpi(k)
1
/p− /k −m∆Sσρ(−kρ − zγρ
/k)F (k)u(p). (46)
Sσρ is expressed as
Sσρ = −gσρ + γσγρ
3
+
2(p− k)σ(p− k)ρ
3m2∆
+
γσ(p− k)ρ − γρ(p− k)σ
3m∆
. (47)
The contribution of Fig. 1i is expressed as
Γ
µ(p)
i =
4C2
3
4m2∆ + c1Q
2
4m2∆ +Q
2
IN∆ipi +
C2
6
4m∗2Σ + c1Q
2
4m∗2Σ +Q2
INΣ
∗
iK , (48)
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Γ
µ(n)
i = −
C2
3
4m2∆ + c1Q
2
4m2∆ +Q
2
IN∆ipi −
C2
6
4m∗2Σ + c1Q
2
4m∗2Σ +Q2
INΣ
∗
iK , (49)
where
IN∆ipi = u¯(p
′)
∫
d4k
(2π)4
1
2f2
(kσ + z/kγσ)F (k)
1
Dpi(k)
1
/p′ − /k −m∆Sσα
× (−2γαβµ) 1
/p− /k −m∆Sβρ(−kρ − zγρ
/k)F (k)u(p). (50)
The contribution of Fig. 1j is expressed as
Γ
µ(p)
j =
4C2
3
IN∆jpi +
C2
6
INΣ
∗
jK , (51)
Γ
µ(n)
j = −
C2
3
IN∆jpi −
C2
6
INΣ
∗
jK , (52)
where
IN∆jpi = u¯(p
′)
∫
d4k
(2π)4
1
2f2
(kσ + z/kγσ)F (k)
i
Dpi(k)
i
/p′ − /k −m∆Sσν
(1− c1)
m∆
σµλqλ
× i
/p− /k −m∆Sνρ(−kρ − zγρ
/k)F (k)u(p). (53)
The contribution of Fig.1k+1l is expressed as
Γ
µ(p)
k+l = 2(D + F )CIN∆(k+l)pi +
5
4
(D − F )CIΣΣ∗(k+l)K +
1
4
(3F +D)CIΛΣ∗(k+l)K , (54)
Γ
µ(n)
k+l = −2(D + F )CIN∆(k+l)pi +
1
4
(D + F )CIΣΣ∗(k+l)K −
1
4
(3F +D)CIΛΣ∗(k+l)K , (55)
where
IΣΣ
∗
(k+l)pi =− F (q) u¯(p′)
∫
d4k
(2π)4
c1
6mΣ∗f2
F 2(k)/kγ5
1
/p′ − /k −mΣ γ
νγ5qν
1
/p− /k −mΣ∗ Sµρ(kρ + zγρ
/k)
i
Dpi(k)
u(p)
+ F (q) u¯(p′)
∫
d4k
(2π)4
c1
6mΣ∗f2
F 2(k)/kγ5
1
/p′ − /k −mΣ γ
µγ5qν
1
/p− /k −mΣ∗ Sνρ(kρ + zγρ
/k)
i
Dpi(k)
u(p)
− F (q) u¯(p′)
∫
d4k
(2π)4
c1
6mΣ∗f2
F 2(k)(kν + z/kγν)
1
/p′ − /k −mΣSνρqργ
µγ5
1
/p− /k −mΣ∗
/kγ5
1
Dpi(k)
u(p)
+ F (q) u¯(p′)
∫
d4k
(2π)4
c1
6mΣ∗f2
F 2(k)(kν + z/kγν)
1
/p′ − /k −mΣSνµqργ
ργ5
1
/p− /k −mΣ∗
/kγ5
1
Dpi(k)
u(p). (56)
The contribution of Fig. 1m+1n is expressed as
Γ
µ(p)
m+n =
2C2
3
IN∆(m+n)pi −
C2
6
INΣ
∗
(m+n)K , (57)
Γ
µ(n)
m+n = −
2C2
3
IN∆(m+n)pi −
C2
3
INΣ
∗
(m+n)K , (58)
where
IN∆(m+n)pi = eF (q) u¯(p
′)
∫
d4k
(2π)4
1
2f2
(kσ + z/kγσ)F (k)
1
Dpi(k)
1
/p′ − /k −m∆Sσρ(g
ρµ + zγργµ)F (−k + q)u(p)
+ eF (q) u¯(p′)
∫
d4k
(2π)4
1
2f2
(gσµ + zγµγσ)F (k + q)
1
Dpi(k)
1
/p− /k −m∆SσρF (k)(kρ + zγρ
/k)u(p). (59)
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The contribution of Fig. 1o+1p is expressed as
Γ
µ(p)
o+p =
2C2
3
IN∆(o+p)pi −
C2
6
INΣ
∗
(o+p)K , (60)
Γ
µ(n)
o+p = −
2C2
3
IN∆(o+p)pi −
C2
3
INΣ
∗
(o+p)K , (61)
where
IN∆(o+p)pi = −eF (q) u¯(p′)
∫
d4k
(2π)4
1
2f2
(kσ + z/kγσ)F (k)
1
Dpi(k)
1
/p′ − /k −m∆Sσρ(kρ + zγρ
/k)
× (−2k + q)
µ
−2kq + q2 [F (k − q)− F (k)]u(p)
+ eF (q) u¯(p′)
∫
d4k
(2π)4
1
2f2
(kσ + z/kγσ)
(2k + q)µ
2kq + q2
[F (k + q)− F (k)]
× 1
Dpi(k)
1
/p− /k −m∆SσρF (k)(kρ + zγρ
/k)u(p). (62)
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